Abstract-Electronic transport properties of Graphene nanoribbon (GNR) are explored by self-consistent numerical simulation. The effects of vapour (H 2 O) adsorption in GNR sheets on its current-voltage (I-V) characteristics, conductivity, electrostatic difference potential and device density of states were studied with necessary physical insight. We found that conductivity of GNR sheet increases in some particular energy range with the increase in number of H 2 O molecules adsorbed. Then we encounter the effects of metal-GNR contact to investigate the practical performance of GNR as a medium of humidity sensing. Later we propose a simple schematic model for GNR Humidity Sensor (GNRHS) to investigate its performance in applied regime.
I. INTRODUCTION Flexible, highly sensitive and low cost humidity sensors are highly enviable in future generation sensor technology. As a result of recent year's research conducted concerning the applicability in gas and humidity sensors, graphene is reported to be an appropriate sensing material for this purpose [1] [2] [3] . The inimitable structural, mechanical and electronic properties of graphene has attracted extensive attention of scientists, therefore the successful synthesis of novel two-dimensional (2D) graphene and the experimental observation of Dirac fermions in unpatterned graphene devices has been increasing rapidly [4] . Gas and vapour adsorption on these devices could change their electronic properties which can be used as sensing parameter. The previous and recent researchers have concentrated to focus on the interaction of small gas molecule, such as CO, NO 2 and NH 3 with the pristine graphene in theory [5] and CO 2 sensing using graphene sheet in experiment [6] .
The interaction between small molecules and graphene can be highly enhanced by introducing adsorption into 2D nanosheets of graphene. Again, it can be shown that water (H 2 O) molecules adsorbed on graphene cause defects in it which facilitate to electron-tunnelling of the band gap and cause widening of graphene band gap to 0.206 eV [1] . However, the changes in resistance are directly influenced by the amount of water vapour adsorbed by the graphene [3] .
Here we report a simulation based study of humidity sensing ability of patterned graphene adsorbing vapour (H 2 O) and investigate electronic and quantum transport properties of these system such as Device Density of States ( DDOS ), Electrostatic Effective Potential (EDP), Conductivity (G) and Current-Voltage (I-V) characteristics. Transport simulation is based on Non-equilibrium Green's Function (NEGF) formalism. An unpatterned graphene sheet is a zero bandgap material with linear energy dispersion relation. Patterning graphene sheet can open up bandgap. In this paper we work on patterned graphene sheet called Graphene nanoribbon (GNR). We consider the edge atoms as hydrogen (H) passivated. Later we propose a simple schematic model to characterize device performance which incorporates the effect of metal contact resistance with GNR.
II. DEVICE GEOMETRY AND SIMULATION
The electronic bandstructure of graphene was calculated very early on [7] . The valence electrons of carbon atoms in graphene are sp 2 hybridized with the remaining p z carbon orbitals forming an extended π-electron system that is responsible for the low energy transport and optical properties of graphene. The bonding π-states form the valence band and the antibonding π*-states form the conduction band. These two bands touch at six points, the so called Dirac or neutrality points show zero bandgap semimetal characteristics. Whereas nano-patterning of graphene sheet can open up a bandgap upto ~1.4eV [8] , depending on the chirality of nanoribbon it can be Armchair or Zigzag. Armchair GNR (A-GNR) and Zigzag GNR (Z-GNR) shows semiconducting or semimetallic behaviour depending on the number of carbon atoms, N along the width of the nanoribbon [9] .
In general humidity sensing through GNR is a process of vapour (H 2 O) adsorption in graphene surface where the interaction is limited to π-electrons of GNR and electrons of oxygen ion in H 2 O. In this paper we investigate the change in electronic transport in GNR due to H 2 O adsorption. Fig. 1 shows an A-GNR (N=10, E g =~1.1eV) without H 2 O adsorption ( Fig. 1(a) ) and with adsorption of four H 2 O molecules ( The electronic transport calculations were performed by implementing non-equilibrium Green's function (NEGF) formalism [10, 11] . Ballistic current through GNR sheet considering self-consistent field imposed by H 2 O molecules is calculated using Launder's equation.
Where, q=charge of electron and h=Plank's constant. f L is the Fermi function of left electrode and f R is the Fermi function for right electrode.
is the electrochemical potential at left or right contact and T E is the transmission spectrum. Matrix S and H provides the atomistic description of GNR which is dependent on tight-binding P Z orbital hopping parameter, previously calculated by Reich et al. [12] . In our simulation we have calculated Device Density of States ( DDOS ), conductance ( G ) and Electrostatic difference potential (EDP) using following equations.
Where, U r is the electrostatic potential calculated from Poisson's equation using finite difference algorithm and r represents two dimensional space coordinates x, y, z . EDP is an unit less and normalized parameter. III. RESULTS AND DISCUSSION At first, we have analysed homogenous semiconductive (N=10) A-GNR sheet as sensing medium. Then, we have analysed transport after the adsorption of two and four H 2 O molecules on that GNR sheet. Fig. 2 shows the simulated I-V curves. Typically the GNR sheet doesn't show significant conduction at bias voltage of below 1V and then its conduction increase with the increment of bias voltage, Vb, whereas adsorption of H 2 O increase the current more significantly depending on number of adsorbed H 2 O molecule.
Later we have used two other GNR structures; homogeneous metallic A-GNR (N=11) and cascaded Hetero-GNR structure, where sensing medium is semiconducting A-GNR (N=10) which is connected to metallic A-GNR (N=11) electrodes. Fig. 3 shows I-V curves of these two types of structure. Here we found that the cascaded structure shows significant conduction even in lower bias voltage (Vb=0.4V) than a homogeneous semiconducting A-GNR (Vb=1V). Moreover, metallic A-GNR is less sensible in current increment adsorbing H 2 O molecules at low bias voltage. To get the physical insight of such sensing phenomenon we have to investigate the change in device density of states (DDOS), conductance (G) and electrostatic difference potential (EDP) with the amount of H 2 O adsorption. Fig. 4 and Fig. 5 show DDOS and G respectively of a semiconducting A-GNR (N=10) for different H 2 O adsorption conditions. Energy, E=0 signifies Fermi energy when GNR sheet is at equilibrium (without external bias voltage). For unadsorbed semiconducting A-GNR sheet bandgap region contains no energy states and so that conduction is zero within this energy range (Fig. 4(a) and Fig. 5(a) ). Later due to adsorption of H 2 O numbers of energy states are suppressed at higher energy level, whereas some electrons become localized due to heavy nuclei of oxygen atom from H 2 O molecules. Because of this electron localization some small potential barriers are generated within the GNR sheet. These locally generated potential barriers can be seen from EDP. Fig. 6(a) shows the difference in sheet potential in three different directions of the A-GNR. Along the length of A-GNR or in transport direction potential is zero everywhere. With the adsorption of two H 2 O molecules Fig. 6(b) shows two peaks in potential profile working as potential barriers for electrons. These potential barriers give rise to quasi quantized energy states at lower energy range which is evident from Fig. 4(b) . These low energy states increase conductance of the GNR sheet at lower energy (Fig. 5(b) ) which in turns enable significant current increment even in lower bias voltage, Vb. With the increment of number of adsorbed H 2 O molecules the number of potential barriers increased. At Fig. 6(c) there are four peaks in potential profile of GNR along the transmission direction because of the adsorption of four H 2 O molecules. Because of such closely packed but relatively lower height of potential barriers the ground states of quantized energy states become lower and fall within the bandgap energy region, which enable electronic conduction within the bandgap energy region of the semiconducting A-GNR sheet shown at Fig. 4(c) and Fig. 5(c) . For insertion of such inter-bandgap electronic conduction, current start to increase in GNR even at lower bias voltage, Vb.
On the other hand metallic A-GNR shows significant electronic conduction at very low energy because of the absence of bandgap, which enable current flow at very low bias voltage, Vb. So increment of current in metallic A-GNR is less significant than semiconducting A-GNR with adsorption of H 2 O molecules.
Finally we can make a statement that the adsorption process actually has two impacts on conductivity of GNR sheet. Firstly, it lowers higher energy electronic conduction of the GNRs and secondly, it enables low energy conduction through quantized energy state (even through the bandgap region of the semiconducting A-GNR). So, for low voltage application semiconducting A-GNR will be a better choice over metallic A-GNR as the sensing medium though metallic GNR gives higher current but less sensitive to H 2 O adsorption. IV. EFFECT OF METAL CONTACT So far we have considered only the effects on electronic conduction of GNRs due to H 2 O adsorption. Here we will discuss the effect of metal contact with the GNRs which is realistic to encounter the practical performance of such sensing device. The metal-GNR contact can be ohmic contact or schottky contact depending on the width of A-GNR and the difference in work functions, ∆Φ of the metal and A-GNR. Recent works suggest that metal-GNR schottky barrier height (SBH) can be modulated through vertical potential which works as electrostatic doping in GNRs [13] . Their numerical simulation investigated that metal-GNR contact becomes ohmic with a steeper decrement in contact resistance, R C with the decrement of GNR width, W GNR . For semiconducting A-GNR of width, W GNR =1.1nm (N=10) the value of normalized contact resistance, (R C / W GNR ) is ~11Ω-µm or a resistance (R C ) of ~10kΩ for ∆Φ=460meV, whereas the international roadmap for semiconductor calls for a normalized contact resistance of 80Ω-µm [14] , which can be achieved by contacts to GNR materials under the ideal conditions with ballistic transport. For Gold (Au) to A-GNR contact (∆Φ=~440meV) assumption of a contact resistance of 10kΩ is reasonably realistic in low voltage range. Fig. 7(a) shows the effect of metal contact on the sensing performance of GNR through its decrement in current due to some voltage drop across the contact to GNRs potential barrier. Finally we have proposed a simple schematic model (Fig.  7(b) ) for GNRHS approximated with linear operational range. Here the sensing medium is modelled by two parallel resistances named R graphene and R vapour , where R graphene represent the GNR sheet without H 2 O adsorption and R vapour imposes the change in conductance due to H 2 O adsorption. R vapour decreases with the increment of number of adsorbed H 2 O molecules. 
V. CONCLUSIONS
In summary, we have investigated changes in electronic transport of A-GNR due to H 2 O adsorption through selfconsistent NEGF and electrostatics. Different transport properties show significant changes due to adsorption of H 2 O on A-GNR surface, which become dominant in transport mechanism with increasing number of adsorbed H 2 O molecules. Finally, we proposed a schematic model which incorporates this sensing phenomenon along with the effect of contact resistance. This work may provide useful guideline for future work in the field of GNR humidity sensor (GNRHS). 
